domain (head) of the surfactant influence the cmc. The two Relationships between the molecular structure and the critical contributions are counteracting, with a lower cmc for a larger micelle concentration (cmc) of anionic surfactants were investi-hydrophobic domain and a higher cmc for a larger hydrogated using a quantitative structure-property relationship ap-philic domain. The current study attempts to define quantitaproach. Measured cmc values for 119 anionic structures, represent-tive measures for these two counteracting contributions that ing sodium alkyl sulfates and sodium sulfonates with a wide variwill apply over a wide range of anionic surfactant structures. Table 1 . The limitation of regressions, one can conclude that the cmc is primarily dependent applicability of these relationships is that the coefficients on the size (volume or surface area) of the hydrophobic domain must be recalculated for each homologous series. More gen- 
INTRODUCTION
three descriptors based on molecular topology and constitution. The critical micelle concentration (cmc) is the single most useful quantity for characterizing surfactants. This parameter log 10 cmc Å 01.80 0 0.567t-KH0 alone captures much of the surface activity of the molecule. The cmc, above which micelles are present in solution, is / 1.054t-ASIC2 / 7.51RNNO also key to the industrial use or biological activity of the surfactant. Many applications of surfactants, such as de-R 2 Å 0.983, F Å 1433, s 2 Å 0.0313, N Å 77
[1] tergency, require that surfactant molecules organize into micelles in order to facilitate the desired process. Qualitatively it is well known that contributions from both the size of the In this regression, t-KH0 is the zeroth-order Kier and Hall hydrophobic domain (tail) and the size of the hydrophilic molecular connectivity index for the hydrophobic fragment (surfactant tail), which correlates highly with both molecular volume (r Å 0.979) and surface area (r Å 0.971). t- bic tail outweigh those of the hydrophilic head group, it is Constants for the Relationship between cmc (mol/L) and Carbon the surface area of the tail that makes the dominant contribuNumber:log 10 cmc Å A 0 B (C#) tion to cmc. Surfactant 
DATA AND METHODOLOGY
C n SO 3 , C n SO 4 25 1.51 0.30 (14) Data sources. (16) surfactant structures (Table 2) were taken from the compila-C n SO 4 45 1.42 0.30 (15) tions by van Os (2), Rosen (3), and Mukerjee and Mysels C n SO 4 60 1.35 0.28 (14) (4). All cmc values were measured at 40ЊC, for the sodium 2-C n SO 4 55 1.28 0.27 (16) salts of the surfactants. A wide variety of surfactant struc-C n (C 6 H 4 )SO 3 55 1.68 0.28 (16) tures were included (Fig. 1) . The diverse hydrophobic frag-C n (C 6 saturated hydrocarbon structures. Double-tailed surfactants were also considered, together with both dialkyl sodium sulfosuccinates and 3-substituted alkyl sodium sulfonates. The hydrophilic groups included sulfonate and sulfate polar head dex for the hydrophobic fragment, which captures some of groups, in addition to various ester, ether, and amine linkthe information on the complexity (branching and unsaturaages. tion) of the hydrophobic tail. Finally, RNNO is the relative
The dividing line between the two fragments can best be number of nitrogen and oxygen atoms, representing the condefined by considering that the hydrophobic group contains a tribution of the hydrophilic head group. This study estabcontiguous carbon backbone and associated hydrogen atoms, lished that surfactant properties could be predicted, based while the hydrophilic group contains all of the heteroatoms only on molecular structure, for sets of structures much that participate in hydrogen bonding or dipole interactions larger and diverse than those considered in the regressions (oxygen, nitrogen, sulfur). Small carbon fragments of one of Table 1 . It was also established that a QSPR methodology or two atoms, such as in ethylene oxide polymers, are considcould be applied to surfactants, using molecular descriptors ered part of the hydrophilic fragment, as well as carbons calculated for fragments of the molecule (in this case either that are bonded to two oxygen atoms, such as in an ester the hydrophobic or the hydrophilic domain) rather than the structure. traditional approach of using descriptors calculated for the entire molecule.
Temperature dependence of cmc. Correlations were performed on cmc data at 40ЊC. The majority of cmc valConsideration of the nature of the descriptors in the correlation model (Eq. [1]) gave insight into the molecular fea-ues in the literature have been measured at either 40 or 25ЊC. A number of structures, especially those with larger tures that determine cmc. The dominant descriptor of the three was t-KH0, which correlates highly with the hydrocar-hydrophobic domains, have Krafft points between 25 and 40ЊC. For these structures, micelles would not be formed bon fragment surface area. The process of micellization is driven by both enthalpic and entropic considerations. In this at 25ЊC and thus the cmc would be meaningless. For structures for which data were available at 25 but not 40ЊC, process, the changes in enthalpy and entropy of a surfactant molecule must be considered, but the dominant changes are scaling rules were used to extrapolate to 40ЊC. The temperature dependence of cmc of anionic surfactants has due to the nature of water self-association. Micelles form not because the surfactant tails attract each other, but because been shown to be parabolic in a number of cases, with a minimum cmc at approximately 25ЊC ( 2, 5, 6 ) . The minithe water molecules highly favor self-association over association with any solute that cannot engage in dipole or hydro-mum temperature and the shape of the parabola appear to depend on the size of the surfactant, but this relationship gen bonding interactions. The nature of this water self-association via hydrogen bonding can explain qualitatively the is not clear. Using cmc data from research in which measurements were taken at least at four temperatures, it was influence of molecular surface area on the cmc, as solutes such as the hydrophobic tails of surfactants force the water established that the ratio between cmc at 40 and that at 25ЊC is approximately constant. For sulfonates and sulto form a hydrogen bonding ''cage'' around the solute, and the extent of the distorted hydrogen bonds (enthalpically fates, this ratio is 1.088 { 0.030 and 1.030 { 0.030, respectively. The magnitude of this temperature correction disfavored) and the forced order of the water around the solute (entropically disfavored) are both expected to be pro-is small ( 3 -9% ) , probably smaller than the experimental error in many cases ( ú10% ) . The cmc values used in this portional to the surface area of the solute. Thus, for the micellization process, where the influences of the hydropho-study are summarized in Table 2 , with values scaled from 
Note. See Table 3 for structural formulas.
a cmc values at 40ЊC estimated from values at 25ЊC (see text).
RESULTS AND DISCUSSION
General model for anionic surfactants. In the search for quantitative structure-property relationships using a large set of molecular descriptors, there is no certainty that the descriptors chosen to construct the statistically best regression will make clear physical sense with regard to the effect of molecular structure on the property of interest. Using the approach outlined previously (1) an optimal multilinear relationship was developed (Eq. [2]) for predicting cmc based on the diverse set of 119 anionic surfactants (Fig. 2) . The correlation equation contains quantitative contributions from both the hydrophobic and the hydrophilic domains of the surfactant molecules, as well as a descriptor for the entire molecule. The nature of the selected descriptors is in agreement with what is known qualitatively about structural effects on cmc. Finding a good correlation with only three descriptors can be considered a success. Although correlation coefficients can always be improved by the addition of more terms, a point of diminishing returns is soon reached, where the additional descriptors start to fit experimental error and contribute nothing to the physical understanding of the property. 25ЊC marked with an asterisk. The naming scheme for the surfactant structures is summarized in The most significant descriptor in the above correlation is t-sum-KH0, the sum of Kier and Hall molecular connecdata is described in previous papers ( 1, 8 ) . Briefly, the three-dimensional molecular structures of the surfactant tivity indices of zeroth order ( 11, 12 ) over all hydrophobic fragments ( surfactant tails ) . Although this descriptor cormolecules were drawn and preoptimized using a molecular -mechanics-based program ( 9 ) . The structures were relates highly with both molecular volume and surface area, it performs better than either of these two other pasubmitted for one SCF calculation using MOPAC 6.0 ( 10 ) to generate quantum-chemical wave function parameters rameters. It is also notable that the same descriptor is most significant in the correlation model reported for the using the AM1 Hamiltonian. The MOPAC output files were supplied to CODESSA to calculate five types of nonionic surfactants ( 1 ) .
The second descriptor, the total dipole of the molecule molecular descriptors: constitutional, topological, geometrical, electrostatic, and quantum -chemical ( 8 ) . The ( TDIP), is calculated by MOPAC from the quantum chemical charge distribution in the molecule (10) . Analysis of the CODESSA program has been modified for automated calculation of hydrophobic and hydrophilic fragment descrip-variation of the total dipole moments in the data set revealed that for the linear surfactants with the head group attached tors, shown to be successful in our previous study of surfactant cmc correlation ( 1 ) . Due to the presence of struc-to the first carbon, the dipole moment increases with the size of the tail (Fig. 3) . For molecules of a given size, the dipole tures with multiple hydrophobic and / or hydrophilic fragments, the sums of corresponding descriptors over all moment decreases as the head group moves toward the center of the molecule. This second dependency has less influfragments from either the hydrophobic or the hydrophilic domain were calculated. Both the entire molecule descrip-ence on the cmc. Finally, for the double-tailed structures, the dipole moment is primarily determined by the longest tors and the fragment descriptors were used in correlation analysis.
tail. These dependencies can be used for the prediction of Branched alkylsulfonates (total 6)
Alkylbenzenesulfonates (total 13) 
cmc, similar to the cmc dependence on carbon number. Table and thus account for significantly different structural aspects of the molecule. 4 summarizes coefficients for certain classes of anionic surfactants that can be used to predict cmc from dipole moment.
The third descriptor, h-sum-RNC, is the sum of the relative numbers of carbon atoms over all hydrophilic Although it appears that TDIP accounts for similar information concerning the size of the molecule as the KH0 term, fragments ( heads ) . This parameter accounts for the diversity of the head group structures, i.e., when a sulfonate the two terms are actually rather poorly correlated (r Å 0.40) group is attached to an ethoxy group / chain or when a surfactant has a second hydrophilic group other than sulfate or sulfonate. Note that this descriptor does not include Since the variation in the head group is minimal, it is no contributions related to the total size of the molecule, as surprise that the three descriptors in this regression describe does the RNNO term in the nonionic cmc equation ( Eq. various aspects of the hydrophobic group. KH1 is the first-[1] ) . The range and average values for all descriptors are order Kier and Hall molecular connectivity index. This desummarized in Table 5. scriptor, as the zeroth-order index used in the previous reModel for simple sulfates and sulfonates. Another useful gression, correlates highly with both molecular surface area multiple linear relationship (Eq. [3]) was developed for a and volume. KH1 is defined as subset of the anionic surfactants that had only the sulfate or sulfonate group as the hydrophilic domain (Fig. 4) . Thus, all of the variation in this set of structures is in the hydrophobic 
where Z i is the total number of electrons in the ith atom, Z v i is the number of valence electrons, and H i is the number of hydrogens directly attached to the ith atom. KS3 is the third-order Kier shape index (13) and is defined as
where ( 3 P i ) is the count of possible paths of three contiguous bonds in the molecular graph, and A is the number of atoms in the molecule. This index contains information on the extent of branching of the molecule and has higher values for linear molecules and lower values for highly branched molecules. HGP is the head group position on the longest linear chain. This index is simply the number of the carbon atom in the chain attached to the head group. For branched alkylbenzenesulfonates, it is the linear alkyl carbon chain number of the attachment of the benzenesulfonate group. This descriptor accounts for the observation that the cmc increases as the head group moves farther from the alpha as represented by the Kier and Hall indices, which are highly CONCLUSIONS correlated with both hydrophobic fragment surface area and volume. This is in agreement with the qualitative knowledge A general QSPR methodology that is useful for the predicabout the nature of water around solutes. Water is known tion of surfactant properties has been established. The correto become more ordered and to distort its hydrogen bonding lation equations presented in this paper provide insight into network, in order to form cavities around solutes with which the structural aspects of anionic surfactants that influence it cannot form any specific interactions. Other aspects of cmc and also allow estimation of cmc for anionic surfactants surfactant molecular structure, such as tail branching, posithat have not yet been synthesized. The structural feature tion of the head group, and structural diversity of the head most influencing cmc is the size of the hydrophobic domain groups, influence cmc as well. 
